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RETURN TRAJECTORIES FROM THE MOON: 

SOME L I M I T S  DUE TO R E S T R I C T I O N S  ON ENTRY RANGE 

AND LANDING LIGHTING CONDITIONS 

By Luigi S. Cicolani 

SUMMARY 

Trajector ies  su i tab le  f o r  Apollo-type lunar missions must satisfy a large 
va r i e ty  of cons t ra in ts .  This paper i s  concerned w i t h  two possible cons t ra in ts  
f o r  the  re turn  phase of t he  mission; namely, t r a j e c t o r i e s  which (1)require  
en t ry  ranges less than 5,000 nau t i ca l  m i l e s ,  and (2 )  permit landing within a 
4-hour period following sunr i se .  The general  cha rac t e r i s t i c s  of t r a j e c t o r i e s  
which s a t i s f y  these cons t ra in ts  a r e  discussed, and those combinations of lunar 
launch time, o r b i t a l  plane inc l ina t ion ,  and landing s i t e  l a t i t ude  which allow 
such t r a j e c t o r i e s  are indicated.  

INTRODUCTION 

The va r i e ty  of lunar t r a j e c t o r i e s  i s  v i r t u a l l y  l i m i t l e s s  but those of 
i n t e re s t  i n  Apollo-type missions must s a t i s f y  cons t ra in ts  imposed by various 
phases of the  mission. A current problem i n  the  ana lys i s  of lunar t r a j e c t o r i e s  
i s  therefore  t o  indicate  those t r a j e c t o r i e s  which s a t i s f y  such cons t r a in t s .  

This paper i s  concerned with the determination of re turn  t r a j e c t o r i e s  which 
s a t i s f y  t w o  cons t ra in ts  t h a t  may be imposed by the  re turn  phase of the mission; 
namely, t r a j e c t o r i e s  which (1)require  only moderate en t ry  ranges and ( 2 )  permit 
landing during a short  period a f t e r  sunr i se .  For the  quant i ta t ive  purposes of 
t h i s  work, en t ry  range has been l imited t o  5000 naut ica l  miles and the  landing 
time has been required t o  f a l l  within a &-hour period following sunrise a t  the  
landing s i t e .  These values represent moderate en t ry  range capabi l i ty  and allow a 
long period of daylight f o r  any necessary post-landing operat ions.  

A general  discussion of en t ry  range requirements i s  given i n  references 1, 
2, and 3, and some per t inent  conclusions of the reference mater ia l  are reviewed 
i n  the f irst  sect ion of t h i s  paper.  The second sect ion contains an ana lys i s  of 
t r a j e c t o r i e s  which s a t i s f y  the  cons t ra in ts  on both en t ry  range and landing 
l igh t ing  conditions.  The analysis  i s  based la rge ly  on two-body o r b i t a l  consider
a t ions  and consequently the mathematics of computing re turn  t r a j e c t o r i e s  has been 
omitted. Reference may be made t o  references 1 and 3 where t h i s  matter has 
already been covered. 

Consider the  simple example of re turn  t r a j e c t o r i e s  i n  the  Moon's o r b i t a l  
plane. For a dawn a r r i v a l ,  t he  landing point  i s  f ixed r e l a t i v e  t o  t h e  sun and, 
assuming some nominal value of the t o t a l  geocentric angle from the  bbm at launch 



t o  t he  landing point  at  a r r i v a l ,  t he  phase of t h e  Moon at  the  time of launch i s  
a l s o  f ixed .  It i s  expected, therefore ,  t h a t  t he  main resul t  of any constraint  on 
en t ry  range and a r r i v a l  times w i l l  be a r e s t r i c t i o n  on t h e  period of time each 
month su i tab le  f o r  launch from t h e  Moon, and t h e  object  of t h i s  study i s  an anal
y s i s  of t he  periods avai lable  i n  the  general three-dimensional problem under the  
cons t ra in ts  s ta ted  above. 

SYMBOLS 

azimuth, measured from north 

decl inat ion o r  l a t i t ude  

o r b i t a l  plane inc l ina t ion  angle 

r igh t  ascension, measured from the  vernal  equinox 

time, measured i n  days from 0 hr ,  3lDecember 1965, Greenwich mean 
so lar  time 

ent ry  range angle 

geocentric in-plane angle from an ascending node 

parameters a t  landing 

parameters a t  launch from the  Moon 

so lar  parameters 

parameters a t  sunrise 

TRAJECTORIES WHICH NEET CONSTFAINTS ON ENTRY RANGE 

required range from t he  point of atmosphere en t ry  to a specified landing 
s i t e  on the  Earth depends on (1)the  landing s i t e  l a t i t ude ,  ( 2 )  inc l ina t ion  of 
t he  plane of the  t r a j e c t o r y  returning from the  Moon, and ( 3 )  decl inat ion of t he  
Moon a t  t he  time of launch. Thus en t ry  range depends primarily on purely geo
metric parameters. The desired longitude a t  landing has only a second-order 
influence and w i l l  be neglected here in .  An ana lys i s  of t h e  e f f ec t s  of a l l  t he  
parameters i n  a complete two-body invest igat ion of en t ry  range i s  given i n  r e fe r 
ence 3; here only the  major t rends a re  reviewed with the  a i d  of f igures  1 and 2 ”  

Figures l ( a )  and l ( b )  give the  approximate en t ry  range f o r  t r a j e c t o r i e s  \ 

returning t o  landing s i tes  a t  l a t i t udes  290 (San Antonio, Texas) and -3l.bO 
(Woomera, Aus t ra l ia ) .  These p l o t s  a re  typ ica l  f o r  s i tes  i n  t h e  Southwest United 
S ta tes  and Southern Austral ia ,  respect ively.  

The approximate en t ry  range i s  computed as follows: t he  t o t a l  geocentric 
angle from the  Moon at  launch t o  the landing s i t e  i s  computed from the geometric 
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parameters mentioned above ( c f .  r e f .  3 ) .  This angle i s  composed of t he  t rue  
anomaly of the  o r b i t a l  phase of t he  t r a j e c t o r y  from launch t o  vacuum perigee and 
the  angle from vacuum perigee t o  landing. A nominal value of l72O has been 
assigned t o  t rue  anomaly, which corresponds roughly t o  a f l i g h t  time of th ree  
days when the  Moon i s  at  i t s  mean distance from the  Earth.  Entry i s  defined as 
t h a t  point on t h e  t r a j e c t o r y  which has an a l t i t u d e  of 400,000 f ee t ;  i n  t h i s  case 
the  geocentric angle from en t ry  t o  vacuum perigee i s  very near ly  120 f o r  a l l  
t r a j e c t o r i e s  i n  the  range of in te res t  and the  range angle from en t ry  t o  landing 
i s  then: 

where 5, - EM i s  the  t o t a l  geocentric angle from launch t o  landing. For a 
given time of lunar launch and inc l ina t ion  of t h e  t r a j e c t o r y  plane, several  
t r a j e c t o r i e s  a re  avai lable  which re turn  t o  a specif ied landing s i t e .  The f l i g h t  
times of t he  t ra , jec tor ies  d i f f e r  by a s ide rea l  day; t h a t  i s ,  a solut ion of the  
re turn  t r a j e c t o r y  problem i s  always avai lable  with f l i g h t  t i m e  within any 1-day 
range of values.  If the  solut ions of i n t e re s t  a re  r e s t r i c t e d  t o  those with 
f l i g h t  t i m e s  i n  the  range from 2.5 t o  3.5  days, then the  nominal value assigned 
t o  t r u e  anomaly, l72O, i s  i n  error by, a t  most, >', for which the  corresponding 
e r ro r  i n  the  approximate calculat ion of en t ry  range i s  300 nau t i ca l  miles.  This 
degree of approximation i n  the  da t a  of f igures  1 and 2 w i l l  be sa t i s f ac to ry  f o r  
present purposes. 

Figure l ( a )  i l l u s t r a t e s  two t rends  t y p i c a l  of landing s i t e s  i n  t h e  Southwest 
United States;  t he  required en t ry  range increases with lunar decl inat ion,  and 
with landing azimuth. The behavior of en t ry  range with lunar decl inat ion may be 
understood from sketch ( a )  of t he  i n e r t i a l  t r ack  (decl inat ion v s .  equator ia l  
angle from an ascending node) of t r a j e c t o r i e s  with an inc l ina t ion  of 29O. The 
ascending nodes f o r  a l l  such t r a j e c t o r i e s  are superposed i n  t h i s  sketch because 
the  geometric parameters of i n t e re s t  i n  t h i s  discussion a re  independent of the  
i n e r t i a l  locat ion of the ascending node. 

Landing site--, 

2 9" 

Position? of  the 
moon at the c =  2 

t ime of launch Equotoria I 

/ ong le 

-2 9 O  

Sketch ( a ) . - Return o r b i t  t racks ,  I = 29O. 
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The landing s i t e  i s  located on the t rack  a t  2g0 l a t i t u d e .  Such o r b i t s  
correspond t o  minimum i n c l i n a t i o n  re turns  t o  San Antonio (I = 290, AZL = 900) .
As the  decl inat ion of the Moon a t  launch var ies ,  t h e  Moon w i l l  occupy successive 
posi t ions on the  re turn  t r a j e c t o r y  t r a c k  between the  maximum and minimum declina
t i o n  of the  Moon f o r  t h e  month. It i s  seen i n  the  sketch t h a t  the  t o t a l  in-plane 
angle from the  Moon t o  t h e  landing s i t e  decreases with decreasing lunar declina
t i o n .  This decrease requires  an almost equal decrease i n  the  en t ry  range angle, 
and s l i g h t  adjustments i n  t r u e  anomaly (hence, f l i g h t  time) of the o r b i t a l  por
t i o n  of the  t r a j e c t o r y  i n  order t o  obtain the  correct  longitude a t  landing. The 
same t rend occurs a t  a l l  values of inc1inat ion. l  

The nature of the  dependence of the required en t ry  range on landing azimuth 
can be seen i n  the  i n e r t i a l  t r a c k s  of several  r e t u r n  t r a j e c t o r i e s  i n  sketch ( b ) .  
The t r a j e c t o r i e s  shown have t h e  same launch time and various values of landing 
azimuth. The "super lunar point"  i s  taken 1800 from the d i rec t ion  of the Moon 
a t  the time of launch and hence has a decl inat ion of -DM. A l l  t r a j e c t o r i e s  pass 
through t h i s  i n e r t i a l  loca t ion .  The t o t a l  in-plane angle from the Moon t o  land
ing i s  then 1800 plus the angle f r o m t h e  super lunar point t o  landing. It i s  

tI AzJ=O 

--L 

Right ascension 

Sketch ( b )  .- Return o r b i t  t racks  f o r  fixed DM. 
readi ly  seen from the  sketch t h a t  t h i s  angle increases with landing azimuth. This 
increase i s  taken up by an almost equal increase i n  the  required en t ry  range, and 
by s l i g h t  adjustments i n  the  o r b i t a l  t r u e  anomaly i n  order t o  obtain the  correct  
long itude a t  landing . 

The requirements f o r  landing at Woomera, Austral ia  (DL = -31.40)are  given 
i n  f igure  l ( b )  . It i s  evident here t h a t  the  t rends a r e  opposite t o  those f o r  
landing s i t e s  i n  t h e  Southwest United States ,  as can be explained by sketches 
s i m i l a r  t o  sketches (a )  and ( b ) .  

Final ly ,  the  general  r e s t r i c t i o n s  on combinations of landing s i t e  l a t i t u d e  , 
lunar decl inat ion,  and inc l ina t ion  of the  re turn  t r a j e c t o r y  plane, which r e s u l t  
from a r e s t r i c t i o n  on e n t r y  range t o  5,000 n a u t i c a l  miles, a re  given i n  f igure  2 .  
The curves shown i n  f igure  2 ( a )  a re  l i n e s  of constant inc l ina t ion  angle on which 
~ -___ 1 

'It i s  a l so  seen from sketch (a) t h a t  addi t iona l  re turn  t r a j e c t o r i e s  e x i s t  
ad infinitum by extending t h e  t r a c k  t o  the  r i g h t  and l e f t  and then considering 
a l l  locations on such a t r a c k  between the  maximum and minimum decl inat ion of t h e  
Moon. These cases,  however, require very large post-entry ranges or retrograde 
o r b i t a l  motion and w i l l  not be considered i n  t h i s  discussion. 
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t h e  approximate en t ry  range i s  5,000 nau t i ca l  miles or less. TO every point  
within a constant i nc l ina t ion  curve there  corresponds a t r a j e c t o r y  having the  
same inc l ina t ion  angle but with an en t ry  range requirement between 1,200 and 
5,000 nau t i ca l  m i l e s  ( i . e  ., with a t o t a l  geocentric angle between 180' and 243O). 
Thus, a l l  combinations of landing s i te  l a t i t u d e  and lunar dec l ina t ion  within t h e  
curve may be reached by t r a j e c t o r i e s  of t h e  same inc l ina t ion  with en t ry  ranges 
under 5,000 nau t i ca l  miles .  If en t ry  range i s  unres t r ic ted ,  then t h e  e n t i r e  
rectangular region, -I < DM, DL < I, can be reached by t r a j e c t o r i e s  with inc l ina
t i o n  angle, I. This i s i l l u s t r a c e d  i n  f igure  2(b)  f o r  t h e  case I = 30° with 
curves of constant en t ry  range from 1,200 t o  12,000 nau t i ca l  miles .  The region 
which may be reached with t r a j e c t o r i e s  at  an inc l ina t ion  angle of 30° and en t ry  
range under 5,000 nau t i ca l  miles has been shaded i n  f igu re  2(b), and t h i s  region 
i s  the  same as t h a t  enclosed by t h e  curve f o r  I = 30° i n  f igu re  2 ( a ) .  

I n  summary, t h e  following conclusions a re  noted concerning the  en t ry  range 
requirements of t r a j e c t o r i e s  re turning from the  Moon: 

(1) It i s  possible  t o  re turn  from t h e  Moon t o  a specif ied landing s i t e  
with any desired inc l ina t ion  (grea te r  than the  minimum possible  value) provided 
the  necessary en t ry  range capab i l i t y  i s  ava i l ab le .  If t h e  en t ry  range capabil
i t y  i s  l imited,  then there  w i l l  be r e s t r i c t i o n s  on the  combinations of lunar 
decl inat ion,  i nc l ina t ion  angle,  and landing s i t e  l a t i t u d e  which can be used. 

( 2 )  The required en t ry  range f o r  landing s i t e s  i n  the  Southwest United 
S ta tes  increases with increasing decl inat ion of t he  Moon and increasing azimuth 
a t  landing. More spec i f i ca l ly ,  f i gu re  l ( a )  ind ica tes  t h a t  with San Antonio 
(DL = 290) as the  landing s i t e ,  t h e  required en t ry  range i s  l e s s  than 5,000 
nau t i ca l  miles a t  a l l  times f o r  polar  re turn  o r b i t s  ( I  = go0, AZL = 0 0 ) .  On 
minimum inc l ina t ion  o r b i t s  ( I  = ego, AZL = 90°) t he  en t ry  range i s  l e s s  than 
5,000 nau t i ca l  miles f o r  launch from the  Moon during t h a t  port ion of t he  month 
when the  lunar dec l ina t ion  i s  l e s s  than -130 approximately. 

( 3 )  For landing s i t e s  i n  the  region of Woomera, Aus t ra l ia  (DL = - 3 1 . 4 O ) ,  
t he  required en t ry  range decreases with increasing lunar dec l ina t ion  and increas
ing azimuth a t  landing. Ln t he  case of Woomera, t h e  required en t ry  range on 
polar  r e tu rn  o r b i t s  ( I  = 90°, AZL = 1800) i s  under 5,000 nau t i ca l  miles a t  a l l  
times of the  month, and f o r  re turn  o rb i t s  of minimum inc l ina t ion  it i s  under 
5,000 nau t i ca l  miles only f o r  t h a t  par t  of t he  month when t h e  Moon i s  a t  
decl inat ions grea te r  than about 14'. 

TRAJECTORIES WHICH MEET CONSTRAINTS ON BOTH ENTRY RANGE AND 
LANDING LIGHTING CONDITIONS 

The object of t h i s  sec t ion  i s  t o  indicate  t h e  c h a r a c t e r i s t i c s  of t r a j e c 
t o r i e s  re turning from the  Moon which permit landing within a 4-hour period a f t e r  
sunr i se .  The period of 4 hours allows a long period of dayl ight  f o r  any neces
sary  search and recovery operat ions.  

General Considerations 

Some preliminary f a c t s  a re  of i n t e r e s t ;  sunrise  occurs on t h e  sunrise 
terminator,  at  a r i g h t  ascension which depends both on l a t i t u d e  and the  pos i t ion  
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of t h e  Sun. Sunrise occurs a t  any p a r t i c u l a r  landing s i te  when it passes through 
t h e  sunrise  terminator, and 4 hours later it w i l l  be located at  a r i g h t  ascension 
600 i n  advance of i t s  r i g h t  ascension at  sunrise since t h e  Earth r o t a t e s  150 per 
hour. These f a c t s  a r e  i l l u s t r a t e d  i n  sketch ( e ) .  

t North  


Sunrise terminator 


at sunrise 


site 

a f t e r  


Sun 


equinox 


Sketch ( e )  .- C e l e s t i a l  sphere. 

The r i g h t  ascension of sunrise,  RAm, f o r  any l a t i t u d e  can be computed, given 
t h e  posi t ion of the  Sun, from 

cos(RAs - RAm) = -tan DL t a n  DS 

0 < ms - mSR < fi I
For re turn t r a j e c t o r i e s  i n  t h e  Moon's o r b i t a l  plane, it may be reasoned 

t h a t ,  since the  en t ry  range r e s t r i c t i o n  limits the  t o t a l  in-plane angle t o  values 
between 180° and 243O, a dawn a r r i v a l  would place t h e  Moon at  the  time of launch 
somewhere between new Moon and f i rs t  quarter .  One of the  main r e s u l t s  of the  
r e s t r i c t i o n  on a r r i v a l  l igh t ing  conditions is, therefore ,  a r e s t r i c t i o n  on the  
time of launch from the  Moon. 

To determine the nature of t h i s  r e s t r i c t i o n  i n  the  general  three-dimensional 
problem consider, f i r s t ,  the  i n e r t i a l  posi t ion of some desired landing s i t e  at a 
time of sunrise .  In order t o  land at t h i s  i n e r t i a l  locat ion with en t ry  range 
between 1,200 and 5,000 naut ica l  miles, the  t o t a l  in-plane angle of the  re turn  
t r a j e c t o r y  i s  between 180° and 2430; therefore ,  the  launch posi t ion f o r  such t ra
j e c t o r i e s  must be located i n  a c e r t a i n  region of t h e  sky. This region i s  
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contained i n  a cone of half-angle 630 centered on t h e  "sunset direct ion" (1800 
from t h e  d i r ec t ion  t h a t  t h e  landing s i t e  occupies at  s u n r i s e ) .  For example, a t  
sunrise ,  September 23, 1966, San Antonio i s  located i n e r t i a l l y  a t  a r igh t  ascen
sion of 820. The r i g h t  ascension and dec l ina t ion  of t h e  cone axis, or sunset 
d i rec t ion ,  is  then 2620 and -29O, respect ively,  and a l l  d i r ec t ions  within 630 of 
t h i s  cone axis are  possible  locat ions of t he  launch pos i t ion  for t r a j e c t o r i e s  
with a dawn a r r i v a l  under t h e  e n t r y  range l i m i t s .  

The region of launch pos i t ions  
f o r  a dawn a r r i v a l  (sketch ( a ) )  
corresponds approximately t o  a 
landing s i t e  a t  300 l a t i t u d e .  Only 
half t h e  region need be considered 
here since launch pos i t ions  e a s t  of 
a v e r t i c a l  plane through t h e  sunset 
d i r ec t ion  require retrograde o rb i 
t a l  motion. A t  each point i n  t h e  
region of launch posi t ions,  unique 
values of en t ry  range and inc l ina
t i o n  angle a re  required and the  
region may be mapped f o r  values of 
these  parameters, a s  i l l u s t r a t e d .  

Next, as the  landing s i t e  
occupies successive pos i t ions  on 
i t s  i n e r t i a l  t r ack  during the  
4-hour period a f t e r  sunrise ,  t h e  
corresponding half  -cone of launch 
pos i t ions  sweeps out t h e  region of 
t he  c e l e s t i a l  sphere i n  which t h e  
Moon must be located a t  the  time of 
launch i n  order f o r  the  r e tu rn  t ra 
jec tory  t o  meet t he  cons t ra in ts  on 

S 

Region o f  lounch 

positions for 

direct return 


lounch positions for 

retrograde return 


Sketch ( d )  .- C e l e s t i a l  sphere - region 
of launch pos i t ions  f o r  dawn a r r i v a l .  

en t ry  range and landing l i gh t ing  condi t ions.  This i s  shown i n  f igure  3, where 
the  appropriate region of t h e  sky i s  denoted by the  shaded area  and TSR r e f e r s  
t o  t h e  time of sunrise a t  the  landing s i t e .  The shaded area  corresponds t o  a 
maximum en t ry  range of 3,000 nau t i ca l  miles (cone half-angle of 300) and t o  a 
landing s i t e  a t  30° l a t i t u d e .  The number given on each l i n e  i n  the  shaded area 
i s  the  minimum required en t ry  range f o r  launch pos i t ions  on that  l i n e .  This 
region may a l so  be mapped f o r  various parameters describing t h e  re turn  
t r a j e c t o r i e s .  

The shaded region of f igu re  3 i s  t h e  a rea  of t h e  c e l e s t i a l  sphere which must 
contain t h e  Moon at  the  time of launch i n  order t o  meet t h e  cons t ra in ts  on en t ry  
range and landing l i gh t ing  condi t ions.  This a rea  moves i n e r t i a l l y  with the  Sun; 
t h a t  is, once around the  c e l e s t i a l  sphere during a year .  The Moon i s  i n  t h i s  
region during each synodic month around t h e  time of f i rs t  quarter ,  which occurs 
at  t h e  time t h e  Moon passes through t h e  plane of t h e  sunset terminator.  For other 
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landing s i te  l a t i t u d e s ,  t h e  "sunset d i rec t ion"  and t h e  shaded region of f igu re  3 
a re  moved together  along t h e  sunset terminator.  The precise  period when t h e  Moon 
is  i n  t h e  required region of t h e  sky depends i n  d e t a i l  on t h e  dec l ina t ion  of t h e  
Sun, landing si te l a t i t u d e ,  and t h e  pos i t ion  of first quarter  i n  t h e  lunar  o r b i t .  
Nevertheless, under su i t ab le  r e s t r i c t i o n s ,  t h e  e f f e c t s  of these parameters a re  
s m a l l  and f igu re  3 serves t o  i l l u s t r a t e  t h e  following general  conclusion: 

Launch times f o r  which re turn  t r a j e c t o r i e s  land within 4 hours a f t e r  
sunrise ,  with en t ry  range less than 5,000 nau t i ca l  m i l e s ,  is  l i m i t e d  t o  the  
period of t h e  month j u s t  preceding and j u s t  following f irst  quar te r .  For landing 
s i t e s  between f 3 5 O  l a t i t u d e ,  t h i s  period i s  of t he  order of 7 t o  10 days and i s  
avai lable  during a l l  months. 

F ina l ly ,  it should be noted t h a t  t h e  shaded region of f i gu re  3 expands with 
increased entry range capabi l i ty ;  with an en t ry  range of 12,000 nau t i ca l  miles 
( t o t a l  in-plane angle of 3600) the  corresponding area ,  u t i l i z i n g  both d i r e c t  and 
retrograde re turn  o r b i t s ,  covers t he  e n t i r e  c e l e s t i a l  sphere. Restr ic ted t o  
d i r e c t  o r b i t s  alone, t h e  a rea  covered includes a l l  but a sect ion of about llOo of 
the  Moon's o r b i t ,  which may a l so  be included by r a i s ing  the  post-entry range 
capabi l i ty  t o  about l 9 , O O O  nau t i ca l  miles.  Thus, t h e  r e s t r i c t i o n  t o  launch 
during the  period of t h e  month near f i r s t  quarter  i n  order t o  meet t he  cons t ra in ts  
on l igh t ing  conditions a t  landing r e s u l t s  mainly from the  r e s t r i c t i o n  on en t ry  
range capabi l i ty .  

Tra jec tor ies  t o  Specific Landing S i t e s  

The preceding discussion indicated the  existence of a r e s t r i c t i o n  on the  
period of the month su i t ab le  f o r  re turn  f r o m t h e  Moon under the  assumed con
s t r a i n t s  on en t ry  range and landing l igh t ing  condi t ions.  The following ana lys i s  
w i l l  give spec i f ic  examples, f o r  which the  appropriate period of the  month i s  
computed more prec ise ly  and w i l l  d iscuss  the  e f f e c t s  of r e s t r i c t i o n  t o  specif ied 
values of inc l ina t ion  of t he  re turn  t r a j e c t o r y .  To explore the  requirements i n  
the  case of land-based landing areas ,  computations were made f o r  s i t e s  a t  la t i 
tudes ego (San Antonio) and - 3 1 . 4 - O  (Woomera) f o r  t he  year 1966. ?"ne r e s u l t s  
noted a re  t y p i c a l  of s i t e s  i n  the  Southwest United S ta tes  and Southern Aus t ra l ia .  

Available periods of launch from the  Moon.- The precise  period during which 
su i tab le  re turn t r a j e c t o r i e s  a re  avai lable  depends on the  many d e t a i l s  i n  t h e  
problem; one method f o r  rapidly determining t h i s  period i n  spec i f ic  cases i s  t o  
p lo t  t he  pos i t ion  of t h e  Moon across the  required region of t he  c e l e s t i a l  sphere 
indicated i n  f igu re  3. This region can be mapped f o r  en t ry  range requirements as 
previously discussed and two such maps, f o r  landing s i t e s  at 29O and -31.b0, a r e  
given i n  f igu res  4 ( a )  and ( b ) .  I n  both cases t h e  mapping of en t ry  range l i m i t  
l i n e s  f o r  the  region near t he  poles,  outside t h e  range of lunar decl inat ion,  has 
been omitted. The coordinate along the  abscissa  of f i gu res  4(a) and ( b )  i s  r igh t  
ascension r e l a t i v e  t o  t h e  "sunset direction' '  a t  t h e  time of landing, where the  
sunset d i rec t ion  i s  located i n e r t i a l l y  a t  dec l ina t ion  -DL, and a t  a r i g h t  
ascension 1800 i n  advance of sunrise at t h e  time of landing, RA=(DL,TL) + 180°. 
The r i g h t  ascension, R A ~ ( D L , T L ) ,  i s  computed from equation (1). 

8 

... .-. 



The t r ack  of t h e  Moon r e l a t i v e  t o  t h e  maps of f igu res  4(a)  and (b)  i s  com
puted as f o l l o w s :  For any specif ied time of leaving t h e  Moon, TM, t h e  Moon's 
i n e r t i a l  d i rec t ion ,  D M ( T ~ ) ,RAM(%), i s  obtained and t h e  coordinates of t h e  Moon 
i n  f igu re  4(a)  are then (RAM(%) - RAsR(DL,TM + 3) - 180°) along t h e  abscissa  
and D M ( T ~ )on t h e  ord ina te .  Here, t h e  time of landing has been approximated as 
th ree  days a f t e r  t h e  time of leaving t h e  Moon. 

Figures 4(a)  and ( b )  show t h e  Moon's t r ack  across  t h e  required region of t h e  
sky near t he  times of first quarter  i n  March, June, and September of 1966 f o r  
landing s i t e s  at Woomera and San Antonio. In  each case, t h e  Moon's t r ack  i s  
marked off i n  1-day in t e rva l s ,  with the  date  given i n  days from 0 h r ,  31 December 
1965, Greenwich mean time. The locat ion of f irst  quarter  i s  a l s o  given. For t h e  
cases shown, the  length of time spent by the  Moon i n  t h e  required region va r i e s  
f r o m  7 t o  10 days. For any pa r t i cu la r  month the  ava i lab le  period va r i e s  some
what with landing s i t e  l a t i t u d e ,  but ,  f o r  landing s i t e s  between the  l a t i t u d e s  of 
San Antonio and Woomera, t h e  avai lable  period each month w i l l  be i n  t h e  same 
range, from 7 t o  10 days. For s i t e s  at l a t i t u d e s  subs t an t i a l ly  above San Antonio 
or below Woomera, t he  Moon's t r ack  may be located outs ide the  required region 
f o r  most of t he  time near f irst  quarter  during some months, and the  periods 
avai lable  could then be much l e s s  than 7 days; f o r  example, a s i t e  at l a t i t u d e  
400 N would a l l o w  only about 3 days i n  March 1966. 

Inc l ina t ion  angle e f f e c t s . - Figures 4 ( a )  and ( b )  e s t ab l i sh  the  avai lable  
period of launch times without regard f o r  t he  inc l ina t ion  of t h e  re turn  t r a j e c 
t o r y .  It i s  of i n t e r e s t  t o  determine the  avai lable  period f o r  various inc l ina 
t i o n  angles;  t o  do t h i s ,  t h e  r igh t  ascension a t  landing i s  computed and compared 
t o  t h e  r igh t  ascension of sunrise f o r  t he  landing l a t i t u d e  a t  the  time of landing. 
The r i g h t  ascension at landing depends on purely geometric parameters; it i s  a 
function of the  landing s i t e  l a t i t ude ,  i nc l ina t ion  of t h e  re turn  t r a j e c t o r y  
plane (or, equivalently,  azimuth a t  landing) ,  and t h e  pos i t ion  of t he  Moon at  t h e  
time of launch. Having specif ied these parameters, t h e  r i g h t  ascension a t  land
ing i s  readi ly  computed.2 Equation (1)i s  next used t o  obtain the  r igh t  ascen
sion of sunrise a t  the  landing s i t e  l a t i t ude  f o r  t he  time of landing, where t h e  
time of landing i s  taken as 3 days a f t e r  t he  time of leaving the  Moon. Since 
re turn  t r a j e c t o r i e s  which adjust  f o r  t he  cor rec t  longitude of landing a re  always 
avai lable  with f l i g h t  times between 2 .5  and 3.5 days and since the  sun changes 
r igh t  ascension by about 1' per day, then the  3-day approximation of the  r e tu rn  
f l i g h t  time corresponds t o  an e r r o r  of a t  m o s t  1/2' i n  estimating the  r i g h t  
ascension of sunrise at the  time of landing. The pos i t ions  of t he  Sun and Moon 
have been taken from the  Naval Observatory ephemerides i n  t h i s  work. 

The r e s u l t s  of computations f o r  re turn  t o  San Antonio during the  months of 
March and September 1966 a re  given i n  f igu res  5(a) and ( b )  . These f igu res  con
t a i n  curves of r i gh t  ascension a t  landing versus time of leaving the  Moon f o r  
various inc l ina t ion  angles of the  r e tu rn  t r a j e c t o r y  plane; t h e  curves show only 
those solut ions which correspond t o  d i r e c t  o r b i t a l  motion and have en t ry  ranges 
l e s s  than 10,000 nau t i ca l  miles .  For landing s i t e s  i n  t h e  Southwest United 

2Methods of computing t h e  r i g h t  ascension a t  landing have already been 
described i n  reference 3 and elsewhere; f o r  example, equations ( 2 ) ,  ( 3 ) ,  (4),and 
(5 )  of reference 3 may be used d i r e c t l y .  



States ,  t h i s  generally r e s t r i c t s  consideration t o  f l i g h t s  a r r iv ing  from t h e  
Southwest. However, the  graphs can, i n  f a c t ,  be f i l l e d  twice over with addi
t i o n a l  solut ions f o r  t r a j e c t o r i e s  requir ing large en t ry  range or retrograde 
motion. Such solut ions are omitted from t h i s  discussion.  

Also shown i n  f i g u r e  5 a r e  two l i n e s  giving t h e  r i g h t  ascension of sunrise 
and sunrise + 4 hours a t  t h e  time of landing, where t h e  r i g h t  ascension of sun
rise + 4 hours r e f e r s  t o  t h e  r i g h t  ascension which a point on the  Ear th ' s  surface 
a t  the  l a t i t u d e  of landing would have 4 hours af�er passing through the  sunrise 
terminator.  h addi t ion,  l i n e s  of constant en t ry  range a re  p l o t t e d .  These can 
be obtained, f o r  example, from f igure  1and p l o t s  of lunar decl inat ion versus 
time, such as those found i n  reference 4 f o r  t h e  period 1961 - 1971. 

Taken together ,  the  curves i n  f igure  5 indicate  the  periods of launch time 
and values of inc l ina t ion  of the re turn  t r a j e c t o r y  plane which provide t r a j e c 
t o r i e s  sa t i s fy ing  t h e  cons t ra in ts  on both e n t r y  range and landing l igh t ing  con-

and Idi t ions .  The appropriate ranges of 'I'Ma r e  represented i n  f igure  5 by t h e  
shaded areas;  as expected, the  period of su i tab le  launch times i s  r e s t r i c t e d  t o  
a portion of t h e  month on the  order 7 t o  10 days, from about 2 t o  5 days before 
f i r s t  quarter t o  4 t o  5 days a f t e r  f i r s t  quar te r .  With a maximum ent ry  range of 
5,000 naut ica l  miles and f o r  landing s i t e s  between F35O l a t i t u d e ,  such a period 
i s  available during a l l  months if a l l  inc l ina t ion  angles a re  considered. However, 
if consideration i s  r e s t r i c t e d  t o  a s ingle  value of incl inat ion,  the r e s u l t s  a r e  
more complex. 

A comparison of f igures  5(a) and ( b )  f o r  t h e  case of minimum inc l ina t ion  of 
the return t r a j e c t o r y  plane (I  = 29') shows t h a t  a 6-day period i s  avai lable  i n  
September 1966, but no period i s  avai lable  i n  March; t h a t  i s ,  minimum inc l ina t ion  
t r a j e c t o r i e s  which re turn  t o  San Antonio and s a t i s f y  the  desired cons t ra in ts  a r e  
not avai lable  during some months of the  year .  This r e s u l t  may be understood as 
follows. 

The r i g h t  ascension of the  Sun v a r i e s  through 360' during the year,  and, 
consequently, the  locat ion of f i r s t  quarter  i n  t h e  lunar o r b i t  a l so  changes; t h a t  
i s ,  during some months f i rs t  quarter occurs when t h e  Moon i s  a t  posi t ive declina
t i o n s  and a t  other times when the  Moon i s  a t  negative decl inat ions.  A s  noted i n  
the section e n t i t l e d  "Trajectories Which Meet Constraints on Entry Range,'' r e turn  
t r a j e c t o r i e s  a t  minimum inc l ina t ion  with en t ry  ranges l e s s  than 5,000 naut ica l  
miles a re  avai lable  only when the Moon's decl inat ion i s  below -13'. In  t h a t  
case, there  w i l l  be months (when f i rs t  quarter occurs at posi t ive decl inat ions of 
the Moon) when it is  impossible t o  re turn  on a minimum inc l ina t ion  t r a j e c t o r y  
with the desired cons t ra in ts .  Such a case i s  given i n  f igure  5(b)  f o r  March 
1966, when t h e  lunar decl inat ion at f i rs t  quarter  i s  27O. A favorable month 
allowing minimum inc l ina t ion  returns  i s  September ( f i g  . 5(  a) ) . Here , f i r s t  
quarter occurs with t h e  Moon at -27' decl ina t ion .  

It i s  apparent, then, t h a t  most of the  months which allow minimum inc l ina
t i o n  returns  t o  San Antonio under t h e  desired cons t ra in ts  a r e  readi ly  ident i f ied  
as those months f o r  which the  lunar decl inat ion i s  below -13' a t  the time of 
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f i r s t  quar te r .  For a l l  of t h e  late 60% t h i s  w i l l  occur i n  t h e  F a l l  and during
1966 t h e  times of f i rs t  quar te r  from late August through mid-December a re  
su i tab le  .3 

As noted i n  t h e  sec t ion  e n t i t l e d  "Trajectories Which Meet Constraints on 
Entry Range," t h e  t rends  i n  en t ry  range requirements f o r  r e tu rn  t o  Southern 
Austral ia  are reversed f r o m  those character iz ing landing sites at  l a t i t u d e s  of 
t h e  Southwest United S ta t e s .  Mini" inc l ina t ion  return t r a j e c t o r i e s  t o  Woomera 
under the  desired cons t ra in ts  should, therefore ,  be avai lable  during those months 
when none i s  avai lable  f o r  San Antontio. This i s  i l l u s t r a t e d  i n  f igu re  5 ( c )  f o r  
t h e  month of March 1966. 

The required en t ry  range on minimum inc l ina t ion  re turns  t o  Woomera i s  under 
5,000 nau t i ca l  miles only f o r  t h a t  pa r t  of t he  month when t h e  lunar dec l ina t ion  
i s  above 14'. Hence, months f o r  which such t r a j e c t o r i e s  occur and a l so  meet t he  
cons t ra in t  on landing l i gh t jng  conditions a r e  those f o r  which the  lunar decl ina
t i o n  i s  above 14' at  t h e  time of f i rs t  quar te r .  For a l l  of t h e  l a t e  601s t h i s  
occurs i n  t h e  F a l l  ( l o c a l l y )  months; f o r  1966 the  times of f i rs t  quarter  f r o m  
l a t e  February t o  mid-June a re  s u i t a b l e .  

For polar  o r b i t s  re turning t o  e i t h e r  Woomera or San Antonio the  required 
en t ry  range i s  l e s s  than 5,000 nau t i ca l  miles a t  a l l  decl inat ions of t he  Moon and 
a su i tab le  period of t h e  month i s  avai lable  during every month of t he  year .  This 
period corresponds t o  t h e  time tha t  the  coordinate of t he  Moon along t h e  abscissa  
of f i gu re  4(a)  i s  between 0 and 60°, which i s  roughly a period of 4-5 days 
immediately following f i rs t  qua r t e r .  

Effects  of landing s i t e  l a t i t u d e . - The discussion of f igu re  5 indicated t h a t  
a period of time during which r e tu rn  t r a j e c t o r i e s  a re  ava i lab le  under the  assumed 
cons t ra in ts  w i l l  occur during every month at high values of inc l ina t ion  f o r  land
ing a t  e i t h e r  Woomera or San Antonio. However, a t  l o w  values of inc l ina t ion  
(I  =" 30°) t he  period ava i lab le  a t  any landing s i t e  va r i e s  throughout t he  year .  
For example, a landing s i t e  i n  the  Southwest United S ta tes  a l l o w s  a period of 
varying length during the  Fa l lmonths .  The addi t ion of Woomera as an a l t e rna te  
s i t e  increases t h e  number of months during which re turns  a re  possible but severa l  
months remain during which t h e  period i s  low. It i s  therefore  of i n t e r e s t ,  i n  
t he  case of l o w  i nc l ina t ion  re turn  t r a j e c t o r i e s ,  t o  determine whether t he  unre
s t r i c t e d  choice of one or severa l  landing area  l a t i t u d e s  each month w i l l  a l l o w  a 
maximum period of launch t i m e .  While it is  beyond the scope of t h i s  work t o  
treat  t h i s  method of landing s i te  choice extensively,  some of t he  more evident 
r e s u l t s  can be pointed out .  

A rapid method of ana lys i s  i n  spec i f ic  cases i s  a mapping of t he  required 
region of launch pos i t ions  of f i gu re  3 f o r  inc l ina t ion  of t he  r e tu rn  t r a j e c t o r y .  
This type of mapping i s  i l l u s t r a t e d  i n  f igu re  6 f o r  an equator ia l  landing s i t e ;  
i n  order t o  re turn  with an inc l ina t ion  of 30' t o  an equator ia l  landing s i t e  under 
the  assumed cons t ra in ts ,  t he  Moon must be located at t h e  time of launch i n  t h e  
shaded region of f igu re  6 .  The curved boundaries of t h i s  region are  formed by 
the  t r acks  of t r a j e c t o r i e s  at 30' inc l ina t ion  angle which land a t  the  l imi t ing  

- - _ _  I__ 
3Rapid determination of those months can be made f r o m  p l o t s  of lunar decl in

a t ion  and phase versus time, such as those i n  reference 4 .  

11 




times of sunrise and 4-hours after sunrise, and the  remaining two boundaries 
occur from the  5,000-nautical-mile l i m i t  on en t ry  range. I n  general ,  t he  
inc l ina t ion  angle map w i l l  depend on both inc l ina t ion  angle and landing l a t i t u d e .  

The Moon's t r ack  i s  p lo t t ed  i n  f igu re  6 f o r  every second month of 1966 and 
i s  marked off i n  1-day i n t e r v a l s .  The per iods of time t h a t  t he  Moon i s  i n  the  
required region f o r  r e t u r n  t r a j e c t o r i e s  a t  300 i nc l ina t ion  angle vary from 2 t o  7 
days and increases  t o  9 days f o r  severa l  months not shown. For those months when 
the  avai lable  period i s  l o w ,  a change i n  landing area l a t i t u d e  can be used t o  
increase the  time allowed f o r  launch; f o r  example, a change i n  landing l a t i t u d e  
t o  -250 increases  the  period ava i lab le  i n  January t o  7 days. However, t h e  maxi
mum length of the  period of launch times i s  l imi ted  mostly by the  r e s t r i c t i o n  i n  
en t ry  range independent of other parameters, and the  maximum period t h a t  can be 
obtained by the  su i tab le  choice of one or severa l  landing areas  each month w i l l  
be l imi ted  t o  about 10 days. 

CONCLUSIONS 

The following conclusions a re  s t a t ed  f o r  t he  periods of time during which 
it is  possible  t o  launch from the  Moon onto d i r e c t  r e tu rn  t r a j e c t o r i e s  which 
require  en t ry  ranges l e s s  than 5,000 nau t i ca l  miles and which permit landing 
during a &hour period a f t e r  sunrise .  

1. The period of su i tab le  launch times i s  r e s t r i c t e d  t o  a p a r t  of each 
synodic month j u s t  preceding and j u s t  following t h e  time of f irst  quar te r .  For 
landing si tes between k35' l a t i t u d e ,  such a period, on the  order of 7 t o  10 days, 
i s  avai lable  during a l l  months, if a l l  inc l ina t ions  of t h e  re turn  t r a j e c t o r i e s  
a r e  considered. 

2. The existence of a r e s t r i c t i o n  on launch times r e s u l t s  mainly f r o m  the  
r e s t r i c t i o n  on en t ry  range, and the  avai lable  period w i l l  increase with increased 
en t ry  range capabi l i ty .  

3. The period of su i tab le  launch times i s  fu r the r  r e s t r i c t e d  f o r  spec i f ic  
landing s i t e s  if  i nc l ina t ion  of t h e  re turn  t r a j e c t o r y  i s  r e s t r i c t e d  t o  a s ingle  
value.  For landing s i t e s  at l a t i t u d e s  of t h e  Southwest United S ta tes  and South
ern  Austral ia ,  a period of about 4 t o  5 days, f o r  polar  re turn  t r a j e c t o r i e s ,  i s  
avai lable  every month immediately following f irst  quar te r .  In the  case of mini
mum inc l ina t ion  re turns  t o  these  l a t i t u d e s ,  a period is  ava i lab le  only during 
some months of t he  year;  f o r  a l l  of t he  late 60%, t h e  F a l l  ( l o c a l l y )  months w i l l  
be su i tab le .  For sites near San Antonio and Woomera, su i tab le  months a re  char
ac te r ized  as those f o r  which t h e  lunar dec l ina t ion  i s  below - l 3 O  and above 140, 
respect ively,  at the  time of f i rs t  quar te r .  
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4. If t h e  r e tu rn  t r a j e c t o r y  inc l ina t ion  is  r e s t r i c t e d  t o  low values 
(I  Z 30’) and the  landing area l a t i t u d e  may be a r b i t r a r i l y  chosen, then a s u i t 
able  choice of one o r  severa l  l a t i t u d e s  can be made each month t o  allow a period 
of 7 t o  10 days during which re turns  are possible  under t h e  cons t ra in ts  on en t ry  
range and landing l i gh t ing  conditions.  

I,p’ 
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Moffett F ie ld ,  C a l i f  ., Sept. 25, 1963 
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